In this paper, we consider a chaotic inflation model where the role of inflaton is played by the Higgs triplet in type II seesaw mechanism for generating the small masses of left-handed neutrinos. Leptogenesis could happen after inflation. This model is constructed without introducing supersymmetry (SUSY).
Introduction
Inflation (for the general review, [1] ) is perhaps the most popular model for the very early universe. It solves many problems of the hot big bang model and could provide the seeds of structure formation from quantum fluctuations in an inflating background. However, a big question for inflation is what is the inflaton field and how does it connect to particle physics. Without knowing this, we do not even know how to reheat the universe, hence recover the conventional hot big bang.
Among the many inflation models, chaotic inflation may be the most successful model for dealing with the initial condition of inflation 1 . Inflation started immediately from Planck scale when the baby universe was created from quantum gravity. There is no need for a thermal equilibrium state before inflation in order to start inflation from phase transition. In addition, chaotic inflation predict a self reproducing process of the universe (or multiverse) which is called eternal inflation. It is almost becoming a common sense that we cannot have a model of inflation in the framework of standard model (SM) 2 and we have to go beyond it. The most popular approach may be supersymmetry (SUSY). Chaotic inflation can be builded in SUSY by using right-handed sneutrino as the inflaton [2, 3] . However currently the real experimental evidences that we should go beyond the standard model is from neutrino oscillation which strongly indicates that neutrino has a small mass. In order to explain neutrino mass, seesaw mechanism is introduced. There are basically three types of seesaw mechanism. In type II seesaw, a Higgs triplet is introduced. The triplet scalar field can be implemented naturally in several contexts of physics beyond the SM. For example, in the left-right symmetry electroweak theory [6] the gauge symmetry SU(2) L × SU(2) R × U(1) B−L breaks to the SM symmetry due to a right-triplet T R = (1, 3, 2) . In SU(5) grand unified theory a triplet scalar consisted in the fundamental representation 5 which breaks the SM to U(1) Q . The minimal littlest Higgs model [7] in which the triplet Higgs scalar arises from the breaking of global SU(5) down to SO(5) symmetry as one of the Goldstone bosones. In this paper, we show that Higgs triplet can play the role of inflaton for chaotic inflation.
This paper is organized as follows. In section 2, we discuss type II seesaw and the constraints relevant to our model. In section 3, we present the inflation model by using Higgs triplet as the inflaton. In section 4, we discuss leptogenesis happens after inflation. Section 5 is our conclusion.
Type II Seesaw Mechanism
The type II seesaw mechanism enlarges the Higgs sector [H = (H + , H 0 ) T ] of the standard model with an isospin triplet, ∆, of complex SU(2) L scalar fields with hypercharge Y = 2 [8] . A Majorana mass for the observed neutrinos can be generated by a gauge-invariant Yukawa interaction of the left-handed lepton doublets with the scalar ∆ without the introduction of the heavy right-handed neutrinos, the Yukawa reads
Where the Yukawa couplings Y ij is a 3 × 3 symmetric complex matrix, L iL is the left-handed lepton doublet with flavor index i = e, µ, τ , C is the charge conjugation operator, and τ 2 is the Pauli matrix. The matrix representation of the triplet can be written as
and the most general scalar potential is given by
Here µ 2 H > 0 to ensure the spontaneous breaking pattern of the SM via H 0 = v/ √ 2, and M 2 ∆ (> 0) is the mass term of the triplet scalars. In the limit of µ → 0 the symmetry of the model is enhanced, which leads to spontaneous violation of lepton number for M ∆ > 0. The resulting massless scalar (so-called majoron, J) will contribute to the invisible width of Z boson, and it is phenomenologically unacceptable as was excluded at LEP. Hence the simultaneous presence of the Yukawa interaction in Eq. (1) and the trilinear term µ(H † iτ 2 ∆ † H) with dimensionful parameter µ in Eq. (3) will explicitly break lepton number and eliminate the majoron. The µ-term may arise from the vacuum expectation value (VEV) of a scalar singlet field [9] or in the scenario of extra dimension [10] . Therefore the breaking of lepton number associated is communicated to the lepton sector through the VEV of the triplet scalar ∆ = v ∆ / √ 2. One expects that the Majorana mass term of neutrinos will be proportional to Y ij × v ∆ . In this paper we consider a heavy triplet scalar, M 2 ∆ ≫ v 2 , so we will neglect the contributions from the terms involving λ i (i = 1 − 4). The value of the triplet VEV, v ∆ can be calculated from the minimum condition of the potential V , the results are
The neutrino mass matrix can be generated via the Eq. (1)
which can be realized the seesaw structure if we take µ ≈ M ∆ . The upper bound on the triplet VEV v ∆ can be obtained from the effect on ρ-parameter
which is predicted to be 1 in the SM. The experimental limit [12] 
On the other hand, the present absolute neutrino masses are constrained through the electron energy spectrum from the end-point in the nuclear beta decays (i.e. the tritium decay, [12, 13] and the cosmological observations, i M ν i < 0.58 eV (95% CL) [18] . As a result we have a lower bound of v ∆ > 1 eV if we take the perturbative criterion for Yukawa coupling Y ij ≤ O(1) in Eq. (5). Consequently we obtain the range by using Eq. (4) 1 eV
In the limit of µ ≈ M ∆ and v ∼ O(100) GeV the mass of triplet scalar is bounded in the range of
Higg Triplet as the inflaton
We assume the expectation value of ∆ plays the role of the inflaton field φ with ∆ ≡ φ √ 2 during inflation. The potential energy of φ can be read off from Eq. (3) as
Due the the large expectation value of φ during inflation, the effective mass of H becomes very large from the last term in Eq. (3) . Therefore the expectation value of H is driven to zero and we can neglect the last term in Eq. (3) . The quartic term is assumed to be negligible and we will consider its possible role later. Hence during inflation we have
This potential is ideal for chaotic inflation. The slow roll parameters η, ǫ are given by
The number of e-folds is
The CMB scale corresponds to N = 60 which makes φ ≃ 15M P . The spectrum is given by
CMB observation requires P R ≃ (5 × 10 −5 ) 2 which makes M ∆ ≃ 10 13 GeV. This value is favored by seesaw mechanism and agrees with Eq. (8) . The situation is similar to sneutrino inflation [2, 3] , but no SUSY is required in our setup. The spectral index n s is given by
The tensor to scalar ratio is r = 16ǫ = 0.13.
This may be detectable from analysis of B-mode polarization of CMB data from PLANCK satellite [14, 15] , the ground-based detectors QUIET+PolarBeaR [16] , or KEK's future CMB satellite experiment, LiteBIRD [16, 17] . For the last term in Eq. (9) to be negligible at N = 60, we need to have λ 3 < ∼ 10 −13 . For the case λ 3 ≃ 10 −13 , we can actually have a successful chaotic inflation driven by the quartic term. In this case, M ∆ can be smaller than 10 13 GeV. However, chaotic inflation driven by a quartic term is on the verge of being ruled out [18] 3 .
Reheating and Leptogenesis
There are several channels that the inflaton φ can decay into, such as φ → νν, HH, and ZZ, with the decay widths given by
Here we neglect the mixings between H and T . For estimate, we may assume the total decay rate of the inflaton is Γ φ (tot.) ∼ 0.01M ∆ . Therefore the reheating temperature T reh. is For an inflation model based on SUSY, this value may be too high to cause gravitino problem. However, since we do not impose SUSY, we do not have gravitino problem. Now we discuss the baryon asymmetry of the Universe through leptogenesis via the triplet scalar decay. In what follows we consider the decay final states of 2-lepton and 2-scalars. Since the appearance of µ-term in the potential (Eq. (3)) the lepton number is explicitly violated due to the coexistence of the decays ∆ → LL and ∆ → HH. CP violation will occur if there are extra contributions to the neutrino masses, such as with additional heavy fermion singlets [20, 21] or with another Higgs triplets [22, 23] . We concentrate on the later case and hence the scale of lepton number violation is the same as the mass of the triplet Higgs scalars. We write down the terms which are relevant to the leptogenesis
The CP asymmetry ǫ 1 is defined as
with 2 represents the processes violate lepton number by two units and Γ ∆ 1 is the thermally averaged decay width of ∆ 1 . CP asymmetry arises in the interferece of the tree with the one-loop self-energy diagrams as shown in Fig. 1 and will induce the off-diagonal mass matrix corrections.
Here we assume M ∆ 1 < M ∆ 2 , so we can identify ∆ 2 as the inflaton φ in our scenario. Due to the large expectation value of ∆ 2 during inflation, the field value of ∆ 1 is driven to zero by a term ∼ |∆ 1 | 2 |∆ 2 | 2 , therefore it plays no role (such as a curvaton or two-field inflation) during inflation. After reheating when the temperature of the universe cooled down to below M ∆ 2 , most of ∆ 2 would decay away. However, the lepton asymmetry will be erased by the thermal equilibrium processes via the interactions of ∆ 1 . So the asymmetry of the universe can only be generated by the subsequent decay of ∆ 1 at the temperature around T < ∼ M ∆ 1 . In order to have a successful leptogenesis, the µ terms in Eq. (20) has to exist during the reheating process 4 . We can interpret the leptogenesis as well as CP violation are created from the triplet scalar ∆ 1 "oscillate" into inflaton ∆ 2 and decay. A complete analysis of the leptogenesis with Higgs triplets is studied in the literature [20, 21, 22, 23, 24] . Here we consider the region where the mass square difference is much larger than the decay widths. The resulting lepton asymmetry of the decay is given by
If we consider only LL and HH decay modes, i.e. BR L + BR H = 1, one obtains an upper bound on this asymmetry
As a result the asymmetry ǫ 1 increases with larger m ν i [20] unlike the canonical leptogenesis of the decaying fermion-singlet which is bounded by the absolute neutrino mass scale [25] . We define the parameter
with
and g * ∼ 100 is the effective number of massless particles. The Boltzmann equations read
where z = M ∆ 1 /T and Y 's are the number densities per entropy density s as defined by
, and Y L = (n L − nL)/s. γ D and γ A are the quantities of decay, inverse-decay, and annihilation processes that affect the abundance of ∆ 1 and asymmetry, they are given by
with K 1,2 are the first and second kind modified Bessel functions and
) is the annihilation cross section due to the gauge interactions. Here we neglect the scattering of LL ↔ HH as the assumption of small λ's in the potential. In the case of K > 1 (see Eqs. (19) , (24)) the baryon asymmetry can be approximated by [26] 
For M ∆ 2 = 4 × 10 13 GeV, M ∆ 1 = 10 13 GeV, µ 1 = µ 2 = 10 12 GeV, 1/ √ BR L BR H = 0.5, and m ν = 0.1 eV, we have n B /s ≈ 6 × 10 −10 as observed. We note that the result is insensitive to the mass of M ∆ 1 .
Conclusions
In this paper, we show that it is possible to have chaotic inflation by using the Higgs triplet in type II seesaw model as the inflaton. The required inflaton mass matches the mass we need for seesaw mechanism. It is also shown that leptogenesis could follow after the end of inflation in our setup. The model can be embedded in grand unified theory, left-right symmetry, little Higgs models, or supersymmetry. It is interesting to note that in the supersymmetric limit the masses of ∆ 1 and ∆ 2 are degenerate, then the soft supersymmetry breaking terms may provide the necessary mass splitting and CP violation for the resonant leptogenesis. However, in this case we may have to worry the gravitino problem as considering the reheating temperature produced after inflation is estimated to be roughly 10 13 GeV. One may worry about that quantum corrections may destroy the flatness of the scalar potential when φ > M P , however since slow roll conditions ensure an approximate shift symmetry to the potential, the quantum corrections is logarithmic and negligible [27] .
